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Modulation of death is a pathogen strategy to establish residence and promote survival in host cells and tissues. Shigella spp.
are human pathogens that invade colonic mucosa, where they provoke lesions caused by their ability to manipulate the host cell
responses.Shigellaspp.inducevarioustypesofcelldeathindifferentcellpopulations.However,theyareequallyabletoprotect
host cells from death. Here, we have investigated on the molecular mechanisms and cell effectors governing the balance
between survival and death in epithelial cells infected with Shigella. To explore these aspects, we have exploited both, the HeLa
cell invasion assay and a novel ex vivo human colon organ culture model of infection that mimics natural conditions of
shigellosis. Our results deﬁnitely show that Shigella induces a rapid intrinsic apoptosis of infected cells, via mitochondrial
depolarization and the ensuing caspase-9 activation. Moreover, for the ﬁrst time we identify the eukaryotic stress-response
factor growth arrest and DNA damage 45a as a key player in the induction of the apoptotic process elicited by Shigella in
epithelial cells, revealing an unexplored role of this molecule in the course of infections sustained by invasive pathogens.
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In the course of a bacterial infection, complex molecular
interplaysoccurbetweenhost cellsand bacteria. Toeradicate
or contain the infection, myeloid cells activate strategies
aimed at destroying the pathogen, whereas epithelial cells are
committed to reduce the bacterial loading. This can be
achieved by the suicide of infected cells, mainly through
activation of programmed cell death (PCD) or of the auto-
phagicprocess.
1Conversely,pathogensdealwith theneedto
establishareplicativenicheinthehostandtoassuretheirown
survival. This can be obtained by inducing apoptosis or
pyroptosis in the host cell;
1 however, bacteria can also protect
the infected cells from PCD or provoke necrosis or, ﬁnally,
interfere with the autophagic process.
2 Notably, the possibility
exists that these mechanisms are not mutually exclusive, and
that the choice among them depends on several factors,
including the kinetics and route of infection, the cell population
infected, and on the speciﬁc pathogen.
This complexity of regulatory mechanisms is observed in
theinvasiveprocessofShigella spp.,anentericpathogenthat
causes bacillary dysentery in humans.
3 The pathogenicity of
Shigella resides on the ability to invade the colonic mucosa
through secreted effectors that allow these bacteria to
penetrate epithelial cells, to escape from the phagocytic
vacuole and to disseminate throughout the epithelium.
4,5
In epithelial cells, Shigella activates NF-kB via peptido-
glycan sensing by the pattern recognition receptor Nod1,
6
thereby triggering the secretion of CXCL8. This event initiates
the inﬂammatory cascade that is the hallmark of shigellosis in
the colonic mucosa. These pathogens induce cell death in
macrophages mainly through a ‘NLCR4 inﬂammasome’- and
caspase-1-mediated pyroptosis
7 accompanied by the subse-
quent release of IL-1b and IL-18 that exacerbates the severity
of inﬂammation.
7,8 Others studies reported that Shigella
is equally able to kill macrophages through necrosis, oncosis
and a caspase-9-mediated apoptosis.
9–11 Furthermore, in
ﬁbroblasts Shigella infection provokes necrotic cell death
through a pathway dependent on the host oxidative stress
responses.
12 However, mechanisms of cell death tuning by
Shigellaaremorecomplexthanasimpleinductionofdeath.In
fact, Shigella-infected HeLa cells can be partially protected
from staurosporine (STP)-induced apoptosis,
13 or undergo to
massive caspase-9-mediated apoptosis on lysis of these
pathogens resident in host cell cytoplasm.
14
Therefore, a picture emerges in which both inhibition and
induction ofdifferentforms ofcell deathcancoexistduring cell
infection by Shigella. The prevalent host cell response could
be determined by the cell type, the multiplicity of infection
(MOI), that is, the number of the invading bacteria, the
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Thepurposeofthisstudyistofurtherinvestigateonthehost
regulatory circuits that regulate the balance between death
and survival in epithelial cells infected by Shigella. By using
HeLa cells as an epithelial cell model system, we have
analyzed: (i) the impact of the number of intracellular bacteria
on the equilibrium of life/death; (ii) the type of cell death
elicited by Shigella infection, focusing on the involvement
of mitochondria and caspases in this process; and (iii) the
pro- and anti-apoptotic transcriptome.
To assess whether the results obtained in HeLa cells mirror
in vivo epithelial responses, we purposely developed a novel
ex vivo model of Shigella infection of a human colonic
mucosa.Finally,byexploitingthesetwoexperimentalmodels,
we identiﬁed the role of the stress sensor growth arrest and
DNA damage 45a (Gadd45a) as a main host cell player in
triggering the death of the cells infected by Shigella.
Results
HeLa cells infected with Shigella undergo a dose-
dependent apoptosis. To examine the inﬂuence of the
MOI on host cell death, we infected HeLa cells with
S. ﬂexneri wild-type strain M90T at MOI 10, 50 and 100
during a period of incubation (p.i.) of 5h. The number of
intracellular bacteria per cell increased rapidly at MOI 100,
whereas it was signiﬁcantly lower at MOI 10 and 50
(Figure 1a), as previously reported.
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Infected cells underwent apoptosis in a time- and
MOI-dependent fashion, as shown by the number of both
TUNEL- and annexin V-positive cells (Figures 1b and c and
Supplementary Figure S1); especially, at 5h p.i. 34% of the
cells resulted positive to TUNEL analysis, while at this same
time point, around 19 and 6% of the cells were positive at
MOI of 50 and 10, respectively. These data strongly indicated
that death of the infected cells is dependent on the number
of intracellular bacteria. When HeLa cells were exposed to
the noninvasive variant of M90T, BS176, we did not detect
any apoptosis induction even after 12h of infection (Supple-
mentary Figures S2A and C), indicating that the death of
HeLa cells was strictly dependent on the intracellular
residence of bacteria.
Shigella infection triggered caspase-3 activation in a
time- and MOI-dependent manner (Figure 2A) matching the
kinetics and the degree of annexin-V positivity and cell death
(compare Figures 2A and 1b; Supplementary Figure S1).
At MOI of 100, starting from 3h p.i. caspase-3 was
signiﬁcantly fourfold higher with respect to the control
uninfected cells. At 5h p.i., this value was of about 3.7-fold
and6-foldover the controlsatMOI of50and 100,respectively
(Figure 2A). The noninvasive strain BS176 did not elicit any
caspase-3 activation at any time analyzed (Supplementary
Figure S2B).
In order to assess the activity of apical caspases, we
infected HeLa cells with wild-type strain M90T at a MOI 100.
Both caspase-8 and caspase-9 were already activated at 1h
p.i. with a similar kinetics and degree (Figures 2B and C:
compare with the positive controls STP and cycloheximide
(CHX)/tumor necrosis factor (TNF)-a, respectively). Fluores-
cence studies performed by using the binding of ﬂuorescent-
coupled peptides inhibitors to the activated forms of
caspase-9 (FLICA-caspase-9 (FAM-LEHD-FMK)) and
caspase-8 (FLICA-caspase-8 (FAM-LETD-FMK)) conﬁrmed
that epithelial cells infected with M90T, transformed with
DsRed plasmid vector, triggered the activation of both initiator
caspases (Figures 2D and E).
To understand the relative role played by each of the two
apical caspases in caspase-3 activation, previously deter-
mined by luminometric assay, we carried out a dual strategy.
First, we assessed whether Shigella infection induced an
early mitochondrial depolarization, which triggers caspase-9-
mediated activation of caspase-3 in intrinsic apoptotic path-
way. Other groups have already reported mitochondrial
dysfunction on Shigella infection of ﬁbroblasts.
12,16 Accord-
ingly, by using ﬂow cytometry analysis we found that about
one-third of the infected cells displayed depolarized mito-
chondria as early as 1h p.i. (Figures 3a and b). In addition, we
observed that, starting from the ﬁrst hour of infection, a
fraction of cells undergoing mitochondrial membrane depolar-
ization also displayed the caspase-3 activation, as assayed
bythebindingoftheﬂuorescent-coupledDEVDinhibitortothe
activated form of caspase-3 (FLICA caspase-3 (FAM-DEVD-
FMK)). Second, we exploited an RNAi strategy in order to
silence either caspase-8 or caspase-9. We observed that the
caspase-3 activity was signiﬁcantly reduced in the presence
of RNAi for caspase-9, that is, 1.7±0.19 versus 3.9±0.05
at 3h of incubation p.i. and 1.4±0.3 versus 6±0.19 following
5h of incubation p.i. (Figure 3c). We did not observe any
difference in caspase-3 values in the presence of RNAi for
caspase-8 (Figure 3d), suggesting that an early caspase-8
activation is not necessary to induce apoptosis following
Shigella infection, whereas the intrinsic apoptotic pathway is
responsible for effector caspase activation.
Apoptotic and anti-apoptotic circuits activated during
Shigella invasion. To understand the mechanisms of apop-
tosis regulation by Shigella, we analyzed the apoptosis
transcriptome of HeLa cells infected with M90T at MOI 100 at
1, 3 and 5h of incubation p.i.
We used an oligonucleotide array spotted with 135
apoptotic and anti-apoptotic genes (see Materials and
methods section) and identiﬁed a panel of genes differentially
expressed, which were subjected to hierarchical clustering
to reveal expression trends (Figure 4a and Supplementary
Table S1).
The expression proﬁle was similar at the three time points
examined with a small subset of genes differentially expres-
sed under these three conditions of infection (see Supple-
mentary Table S1). Hierarchical clustering identiﬁed three
main categories of gene transcripts. The ﬁrst group, which
includes the majority of analyzed transcripts, was down-
regulated at the three time points with respect to the non-
infected HeLa cells (e.g., bik or bcl2). In the second group,
we classed the genes downregulated at 1h and upregulated
at 3 and 5h (e.g., jun or bclXL); ﬁnally, the third group
encompasses the genes permanently activated with a
sustained upregulation (e.g., gadd45a or bad).
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Cell Death and DiseaseDown- or upregulation of a representative number of
mRNAs was veriﬁed by quantitative real-time PCR
(Figure 4b), conﬁrming in the majority of cases the same
trend of regulation shown by microarray analysis (e.g., bad,
bax, bcl2, bclXL, nf-kb1, gadd45a). However, the level
of regulation of some of these transcripts, such as akt2, bik,
birc2 (IAP-1) and birc3 (IAP-2) was deeply underestimated
by the microarray study (compare Figure 4b and Supplemen-
tary Table S1). The modulation of Akt, IAP-1 and IAP-2
proteins could dramatically inﬂuence the balance between
survival and apoptosis during Shigella infection, as all these
proteins display a potent survival activity at different steps
of the apoptotic cascade. Therefore, we veriﬁed whether
the transcriptional upregulation of mRNA for Akt2, IAP-1 and
IAP-2 was matched by a corresponding increase in their
protein level. As reported in Figure 4c, we found that the
Akt protein level strongly increased from 1h p.i., while that of
IAP-1/2 raised especially at 3h p.i. We then assessed
the modulation of anti- and pro-apoptotic proteins of the
Bcl-2 family. We found a complex pattern of regulation
(Figure 4d): induction of both pro-apoptotic (Bad) and anti-
apoptotic (Bcl-XL) proteins, but also repression of the
Figure 1 Intracellular growth kineticsof S ﬂexneriM90T inHeLa cellmonolayersandhost celldeath.(a) Kineticsof intracellular bacterialgrowth ofthe invasiveS. ﬂexneri
strain M90T during 5h of incubation p.i. at MOI 10, 50 and 100; (b) TUNEL assay on HeLa cells infected with Shigella as above. HeLa NI, non-infected HeLa cells; STP, non-
infectedHeLacellstreatedfor4hwithSTP(2mM).(c)ArepresentativecytoﬂuorimetricoutputofTUNELanalysisperformedat1h(upperpanel),3h(middlepanel)and5hof
incubation p.i. (lower panel). Tunel-positive (i.e., dead) cells display an increased FITC staining (green line in the graph). In (a and b), bars represent the mean values±S.D.
from ﬁve independent experiments. **Po0.01 after Student’s t-test
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Cell Death and Diseasedeath-inducing Bax and of the pro-survival Bcl-2. Altogether,
these results suggest that modulation of the levels of
Bcl-2 family members is not a primary event in apoptosis
induction by Shigella infection. In accordance with both
microarray and qPCR data, we found that the protein amount
of Gadd45a, a protein describes as acting as a pro-apoptotic
Figure 2 Caspase activation in HeLa cells infected with Shigella.( A) Kinetics of caspase-3 activation following infection of HeLa cells with M90T at different MOIs as
above. (B) Caspase-9 and (C) caspase-8 activity in HeLa cells infected with M90T and its noninvasive variant BS176 (MOI of 100) at the reported time points. HeLa cells
treatedfor4hwithSTP(2mM)orwithCHX(10mg/ml)plusTNF-a(100ng/ml)for12hwereusedasacontrolofcaspase-9/3andcaspase-8activation,respectively.HeLaNI,
non-infected HeLa cells. Report assay data correspond to the mean±S.D. (triplicate determinations) and are representative of three independent luminometric assays.
*Po0.05, **Po0.01, ***Po0.001 after Student’s t-test. (D and E) Immunoﬂuorescence analysis of caspase-9 (D) and caspase-8 (E) maturation in HeLa cells infected with
M90T-DsRed (MOI 100) at 2h of incubation p.i. (a, b, c, d panels) Treated with STP or CHX plus TNF-a, as above (e, f, g, h panels in D and E, respectively) and uninfected
(i, j, k, l panels). Cells were processed for labeling with ﬂuorescent-coupled LEHD inhibitor to the activated form of caspase-9 (FLICA caspase-9 (FAM-LEHD-FMK)) or
ﬂuorescent-coupled LETD inhibitor to the activated form of caspase-8 (FLICA caspase-8 (FAM-LETD-FMK)) and DAPI. Shigellae, expressing DsRed plasmid vector, are
stained in red. Magniﬁcation:  40
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17 was signiﬁcantly upregulated during infection
(Figure 4d).
Involvement of Gadd45a in Shigella-mediated cell
death. Gadd45a is a stress-inducible gene regulated by a
variety of genotoxic and non-genotoxic stresses. Gadd45a
may have an important role as both a pro-apoptotic
17–19 and
pro-survival factor as well.
20 Given the sustained upregu-
lation of Gadd45a in infected HeLa cells, we asked whether
and to which extent Gadd45a could be involved in
Shigella-mediated apoptosis. We analyzed caspase-9, -8
and -3 activity and DNA fragmentation in HeLa cells depleted
of Gadd45a through RNAi and infected with M90T as above.
Uninfected cells or cells transfected with scramble siRNA
and infected as above were used as controls. We found
that caspase-9 maturation was dramatically abrogated in the
presence of RNAi for Gadd45a, starting from 1h of incu-
bation p.i. (Figure 5B), while caspase-8 activity remained
unaltered (Figure 5A).
In accordance with data of caspase-9 inhibition, HeLa cells
expressingGadd45asiRNAandinfectedwithM90Tdisplayed
a strong decrease in caspase-3 activity (Figure 5C) and a
signiﬁcant reduction of DNA fragmentation (Figures 5E
and F). Wetherefore investigatedwhetherthe lackofGadd45a
could affect caspase-3 activation following STP treatment
that engages the intrinsic apoptotic pathway as Shigella does.
Figure 3 Shigella-infected HeLa cells undergo intrinsic apoptosis. (a) FACS analysis (forward scatter, FSC, versus TMRM) showing mitochondrial depolarization. The
percentages of viable cells (V, TMRM positive, in the R1 quadrant) and of depolarized cells (D, TMRM negative, in the R2 quadrant) are reported. (b) FACS analysis of
mitochondrial potential (TMRM staining; blue population) and of caspase-3 activation (FLICA caspase-3 labeling; red population). Both populations were determined on
diagramsFSCversusﬂuorophore,andareshowntogetheronaFSCversusSSCplot.In(aandb),HeLacellswereinfectedwithM90T(MOI100)forthereportedtimepoints;
treatment with H2O2 (5mM for 1h) and with STP as in Figure 2 were used as positive controls of mitochondrial depolarization and of caspase activation. Cells transiently
transfectedwithsiRNAforcaspase-9(c)orforcaspase-8(d)wereinfectedwithM90TatMOI100andcaspase-3activitywasmeasuredatthereportedtimepoints.HeLacells
treated for 4h with STP or with CHX plus TNF-a as speciﬁed in Figure 2 were used as a control. HeLa NI, non-infected HeLa cells. Report assay data correspond to the
mean±S.D. (triplicate determinations) and are representative of ﬁve independent luminometric assays. *Po0.05, **Po0.01, ***Po0.001 after Student’s t-test
Caspase-9 and Gadd45a in Shigella-induced death
L Lembo-Fazio et al
5
Cell Death and DiseaseAs expected, Gadd45a-interfered HeLa cells treated with
STP showed low level of caspase-3 values (Figure 5D) while
no signiﬁcant changes in caspase-3 activity was recorded in
cells treated with CHX plus TNF-a, conﬁrming that Gadd45a
is mainly involved in the mitochondrial pathway of apoptosis.
Shigella-mediated epithelial cell apoptosis in an ex vivo
human colon organ culture (EVOC) model of infection.
Not many animal systems have proven to be reliable models
of Shigella infection. To overcome this limitation, we
exploited here a recently developed technique allowing
us to mimic as much as possible the human conditions.
The three-dimensional architecture present in the EVOC
guarantees the maintenance of physical parameters funda-
mental for several functions of the cells, such as spatial
orientation and impact of gravity.
Therefore, human colonic specimens were apically infected
with 10
8 CFU of M90T or BS176 and incubated overnight
(ON). After this time, the samples were treated for histo-
pathological and immunohistochemical (IH) analysis.
To determine the impact of Shigella on epithelial cell
survival in the organotypic culture, we analyzed the morpho-
logical changes through hematoxylin/eosin (HE) staining.
As shown in Figure 6B (panel a), the mucosa architecture
of the uninfected samples remained unaltered and only
scattered inﬂammatory cells were interspersed throughout
the chorion.
In tissue sections infected with M90T, the epithelial layer
was fully disorganized showing severe degeneration and
death areas (Figure 6B, panel b). Indeed, an abundant
inﬂammatory inﬁltrate organized in a pseudo-follicular struc-
ture was also evident. In contrast, tissues infected with BS176
did not display any signiﬁcant alteration of the epithelium
(Figure 6B, panel c).
Cells containing shigellae were highlighted by immuno-
labeling the bacterial lipopolysaccharyde (LPS). Intensity of
LPS presence was scored as previously described
21 and
reported in Figure 6A. As expected, no immunolabeling was
noticed in uninfected sample (Figure 6B, panel d) while in the
M90T-infected sections an intense intra- and extra-cellular
immunostaining was present in the epithelial layer or free in
mucus that covers the epithelium (Figure 6B, panel e). With
BS176, LPS-immunostaining was mainly concentrated into
the mucus, in accordance with the noninvasive phenotype
of this strain (Figure 6B, panel f).
In serial sections of the colonic tissue, IH analysis of
caspase-3 maturation evidenced that in uninfected colonic
mucosa only rare positive cells (located in the epithelium and
Figure 4 Modulationofpro-andanti-apoptoticgeneexpressioninHeLacellsoninfectionwithS.ﬂexneriM90T.(a)Transcriptionalproﬁleofpro-andanti-apoptoticgenes
expressedbyHeLacellsinfectedwithS.ﬂexneriM90T(MOI100)at1,3and5hofincubationp.i.Redandgreencolorsrepresentup-anddownregulationofgeneexpression,
respectively, as compared with uninfected cells. The key for intensity of expression is indicated under the bar. (b) Validation/determination through qPCR for a representative
subset of genes whose expression is highly modulated by Shigella infection. Results are normalized to the internal gapdh gene control and are presented on a logarithmic
scaleastheratioofgeneexpressionbetweeninfectedanduninfectedHeLacells.(candd)WesternimmunoblotanalysisofchangesinproteinexpressionlevelsofHeLacells
following Shigella infection. Cell lysis was carried out at the reported time points. Blots were probed with actin as a loading control
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Cell Death and Diseasechorion) were present (Figures 6A and B, panel g). With
M90T, extensive areas of epithelial cells and some cells
throughout the inﬂammatory inﬁltrate resulted marked by
caspase-3 immunostaining (Figures 6A and B, panel h).
Mucosa infected with BS176 showed a pattern of caspase-3
labeling similar to the uninfected cells (Figure 6B, panel i).
In the same histological sections, uninfected or infected by
Shigella, the expression of Gadd45a was restricted mainly
to the epithelial layer (Figure 6B, panels j, k, l). A strong
immunostaining was evident in cells infected with M90T
(Figures 6A and B, panel k), in which a colocalization of
Gadd45a and LPS was also observed (data not shown).
Moreover, Gadd45a immunolabeling retraced the distri-
bution observed with caspase-3 staining (compare panels h
with k). Notably, Gadd45a upregulation was not found in
mesenchimalorinmononuclearcells(i.e.,lympho-monocytes
or plasma cells) of mucosal chorion; this observation is in
accordancewiththeanalysisperformedbydifferentauthorsin
lungs where Gadd45a expression is restricted to the airway
epithelium and type II pneumocytes, also in the presence
of phlogosis characterized by inﬂammatory inﬁltrate or BALT
activation.
22
Finally, a constant colocalization of Gadd45a,c l e a v e d
caspase-3and TUNEL nuclear-positive reactionwas observed
in stained serial sections of M90T-infected tissues (Figure 6B,
panels h, k and n).
In contrast to these observations, control (Figure 6B,
panel m) and BS176-infected samples (panel o) showed mild
surface disarray, scarce colonocyte apoptosis and relative
preservation of surface and crypt architecture, associated
Figure 5 Gadd45a triggers Shigella-mediated apoptotic cell death in infected HeLa cells. Activity of caspase-8 (A), caspase-9 (B) and caspase-3 (C), and TUNEL assay
(E and F) on HeLa cells transiently transfected with a Gadd45a or a scramble siRNA. Cells were infected with M90T at MOI of 100 for the reported time points. HeLa cells
treated with STP or with CHX plus TNF-a, as detailed in Figure 2, were used as a control (D). HeLa NI, non-infected HeLa cells. Report assay data correspond to the
mean±S.D. (triplicate determinations) and are representative of three independent luminometric assays. *Po0.05, **Po0.01, ***Po0.001 after Student’s t-test. (F)A
representative cytoﬂuorimetric output of TUNEL analysis performed at 1h (upper panel, a and b), 3h (middle panel, c and d) and 5h of incubation p.i. (lower panel, e and f)
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Cell Death and Diseasewith rare co-expression of Gadd45a and a TUNEL-positive
reaction.
We may conclude that the use of this novel polarized
ex vivo organ culture system highlights that Shigella-induced
epithelial cell apoptosis is associated with Gadd45a
upregulation.
Discussion
In this study, we demonstrate that Shigella invasion of
epithelial cells: (i) regulates the expression of a complex
pool of pro- and anti-apoptotic genes; (ii) induces a rapid
apoptosis, mainly via caspase-9 activation and mitochondrial
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Cell Death and Diseaseinvolvement; and (iii) activates the pro-apoptotic factor
Gadd45a, which in turn has a key role in the execution of
the apoptotic process.
Different groups have tackled the issue of death regulation
on Shigella infection of non-myeloid cells. Results have often
been puzzling, as both cell death induction (either apoptotic or
necrotic) or inhibition have been reported.
12,13 These diverse
observations reﬂect the complexity of host cell responses to
Shigella invasion. In this view, changes of experimental
parameters such as target cell type (MEF versus HeLa cells),
MOI, time of infection (from 1 to 24h), effective number of
intracellular bacteria and the use of exogenous adhesion
systems (e.g., AFA E, E. coli aﬁmbrial adhesin), could well
account for the heterogeneity of reported results.
Indeed, our results are in agreement with this complexity of
responses, as we observe regulation of both pro- and anti-
apoptotic proteins. Several pathogens, including Legionella
and Chlamydia, induce the expression of pro-survival genes
to maximize their persistence in host cells.
23 We found that
infection with Shigella elicits the expression of several potent
pro-survival factors, such as c-IAP-1, c-IAP-2, Akt and Bcl-XL.
Both IAP proteins and Akt interfere through a variety of
mechanisms with apoptotic pathways
24,25 and were reported
to be upregulated or activated on Shigella infection.
26,27 In the
case of Bcl-XL, its anti-apoptotic activity is balanced on the
mitochondrial surface by multiple interactions with both anti-
and pro-apoptotic Bcl-2 family members.
28 We observed a
complex response endowed with inhibition of the pro-survival
Bcl-2 and of the apoptogenic Bax, and with induction of Bad,
another pro-apoptotic family member. Thus, we can envision
a scenario characterized by the simultaneous activation of
apoptotic and anti-apoptotic pathways, whose balance is
ﬁnely modulated during infection with Shigella toward the
eventual commitment to death of the infected cell.
As for the type of cell death prompted by Shigella inva-
sion, both Dupont et al.
16 and Carneiro et al.
12 report ROS
production and mitochondrial membrane depolarization
following a 5–8-h infection at MOI 100 of MEFs. Both groups
conclude that Shigella causes necrotic cell death in the MEF
model. Our results agree with these observations, in that
we have observed both ROS production (data not shown) and
mitochondrial depolarization in infected HeLa cells, and
these events are detectable as early as 1h p.i. at MOI 50
(see Figures 3a and b). However, it must be highlighted that,
even if mitochondrial membrane depolarization constitutes a
point of no return in cell death induction, accounting for ROS
production and respiratory arrest, release of Ca
2þ, pyridine
nucleotides and of a pool of apoptogenic proteins,
29 it can
be upstream to either necrosis or apoptosis, depending on a
wide set of variables, such as the bioenergetic status of
the cell,
30–32 the intensity of the noxious stimulus or the
availability of a functioning apoptotic machinery.
33 When
apoptosis occurs downstream to mitochondrial depolariza-
tion, this is speciﬁcally hallmarked by activation of caspases.
In line with this issue, we demonstrate activation of both
initiator and effector caspases, TUNEL positivity and phos-
phatidylserine exposure on the host cell surface. We also
show caspase-3 activation and TUNEL positivity in epithelial
cells infected with Shigella in EVOC model, emphasizing the
importance of apoptosis induction following infection of
epithelial cells.
Notably, during Shigella infection, a fraction of HeLa cells
undergoing mitochondrial depolarization also displays caspase
activation(doublestainedcellsinFigure3b),demonstratingthat
mitochondrial damage occurs in apoptotic cells. Another
fraction of cells is endowed with mitochondrial depolarization,
but without any detectable caspase activity (the blue population
in Figure 3b). These could be either cells entering the apoptotic
process, upstream to caspase induction or necrotic cells, in
accord with Dupont and Carneiro. It is possible that at a higher
MOI, the proportion of necrotic cells could increase even in our
experimental model, as stress conditions might be too intense
for the set-up of the apoptotic response (e.g., a massive
mitochondrialdepolarizationcouldcausearapidATPdepletion,
making caspase activation impossible).
In accordance with a mitochondrial involvement in apoptosis
induction, activation of the key effector caspase-3 is almost
abolished by knocking-down caspase-9 (Figure 3c) but not
caspase-8 (Figure 3d), despite its early activation at 1h p.i.
(Figure 2C). Notably, caspase-8 is also transiently induced by
the noninvasive strain, which is unable to cause cell death.
Altogether these observations indicate that caspase-8 is rapidly
activated by Shigella, possibly through interactions with
membrane death receptors; but this activation is not required
for a full-blown apoptotic process, which instead relies on a
secondary induction of the intrinsic caspase-9-dependent
pathway downstream to mitochondrial depolarization.
Furthermore, we found that induction of Gadd45a is a main
effector event in apoptosis triggering by Shigella. In fact,
gadd45a is strongly and rapidly induced in HeLa cells and its
depletion dramatically reduces Shigella-induced apoptosis.
Both caspase-9/3 activation (Figures 5B and C) and TUNEL
positivity are abrogated by Gadd45a knock-down, whereas
caspase-8inductionisnotaffected,indicatingthattheintrinsic
branch of apoptosis induction is speciﬁcally affected by the
Gadd45a absence. Consistently, in EVOC model gadd45a is
strongly induced in cells displaying caspase-3 activation and
TUNEL positivity (Figures 6A and B) although this activation
Figure6 ApoptosisassessmentandGadd45aexpressioninahumanexvivoorganculture(EVOC)invasionassaywithS.ﬂexneriM90T.(A)Dotblotofthedistributionof
LPS, Gadd45a, TUNEL and caspase-3 immunostained epithelial cells in sections of human colon biopsies infected with M90T or BS176 (12h) or uninfected.
Immunohistochemically stained cells were counted at  400 magniﬁcation. For each sample, ﬁve view ﬁelds in ﬁve sections were considered for cell enumeration. Circles
represent the mean values per sample while the horizontal line represents the mean value per sample category. ***Po0.001 after Student’s t-test. (B) Histopathological and
IH characterization of human colon sections infected with M90T or BS176 or uninfected. Upper panels (HE and LPS): HE (a, b, c) HE staining; LPS (d, e, f): IH staining of
S. ﬂexneri 5 LPS, in e and f bacterial LPS are indicated by arrows. In HE original magniﬁcation 200; in LPS original magniﬁcation  400. Lower panels: analysis in serial
sectionsofEVOCof immunolabeledmaturecaspase-3(g,h, i),Gadd45a(j,k,l)andcolocalizationofGadd45aimmunostainingandpositiveTUNELnuclei,Gadd45a/TUNEL
(m, n, o). All relevant informations are reported in the ﬁgure. Arrowheads indicate TUNEL-positive cells and arrows indicate cell positively immunostained by the Gadd45a
mAb. In caspase-3, Gadd45a and Gadd45a/TUNEL panels, original magniﬁcation  400. Human colon NI: uninfected human colon; M90T-infected: EVOC infected over-
night with 10
8 CFU of M90T; BS176-infected: EVOC infected over-night with 10
8 CFU of BS176
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shown).
Gadd45a is known to be upregulated in response to a
variety of cell stresses in order to elicit cell cycle arrest at the
G2-M transition and to regulate the apoptotic response.
17–19
Several studies highlight the pro-apoptotic role of Gadd45a in
different type of cells such as breast cancer cells, keratino-
cytes and HeLa.
34,35 The mode of apoptosis induction by
Gadd45a is still debated, and could involve activation of the
p38/JNK signaling pathways
34 and/or activation of pro-
apoptotic Bcl-2 family proteins.
18 Consistently with this issue,
we found that the pro-apoptotic Bcl2 family member Bad is
upregulated and over-produced during Shigella infection.
Moreover, the pro-survival pathway governed by the MAPKs
could be impaired by the decreased expression of the genes
encoding these proteins during infection. However, Gadd45a
protects from apoptosis hematopoietic cells exposed to
genotoxic stress.
34 In the framework of bacterial infection, it
has been reported that challenge of oral epithelial cells with
the invasive opportunistic pathogen Fusobacterium nuclea-
tum induces Gadd45a expression, while the noninvasive oral
commensal Streptococcus gordonii does not.
36 Conse-
quently, these investigators propose that Gadd45a could act
as a stress sensor following bacterial invasion of epithelial
cells, even if a mechanistic proof is still lacking.
Conclusively, we demonstrate for the ﬁrst time that
activation of Gadd45a following bacterial invasion of epithelial
cells is required for the building-up of the apoptotic response
through activation of its intrinsic branch, which is the one
responsible for Shigella-mediated cell death. Furthermore,
the observation that Gadd45a is activated in the colonic
epithelial cells opens new perspectives in the study of factors
inﬂuencing the outcome of pathogenesis of shigellosis.
Materials and Methods
Bacterial strains, plasmids and growth conditions. The S. ﬂexneri
5a strains used are M90T streptomycin-resistant (Sm
R) and its noninvasive
derivative BS176 (ref. 21). S. ﬂexneri M90T-DsRed strain was created by
transforming wild-type strain with DsRed plasmid vector (gently gifted by Maria
Rescigno). The presence of DsRed plasmid vector did affect neither T3SS function,
as demonstrated through effector proteins comassie blue staining or Shigella
invasiveness,testedbytheHeLacellinfectionassay(datanotshown).Inadditionto
this, DsRed plasmid has no toxic effect on eukaryotic cells, as already reported.
37
Bacteria were grown in Trypticase soy broth (BBL, Becton Dickinson and Co.,
Cockeysville, MD, USA) or agar (TSA). Streptomycin (Sm) and ampicillin (Ap) were
added to cultures at 100mg/ml.
Cell culture and infections. HeLa cells were maintained in D-MEM
supplemented with 10% FBS (both byCambrexBioScience,Walkersville, MD, USA).
HeLa cell infections with invasive and noninvasive strains were performed as
previouslyreported
15usingtheMOIof10,50and100.Incubationofcellsandbacteria
inthepresenceofgentamicin(60mg/ml)wasprolongedto1,2,3,4or5h,depending
on the experiment. At desired time points of incubation, infected HeLa cells were
processed to evaluate parameters associated with apoptosis. Intracellular
multiplication of bacteria in HeLa cells was assayed as described previously.
15
Cell death studies, caspases activity and annexin V staining.
Apoptosis was assessed using TUNEL ﬂuorometric (DeadEnd TUNEL ﬂuorometric
system,Promega,Milano,Italia)andannexinVstaining(AnnexinV-FITCApoptosis
Detection kit, BD Pharmingen, San Jose ´, CA, USA), according to the
manufacturer’s instructions. Both TUNEL and annexin V binding were analyzed
using a ﬂow cytometric analysis on a FACSCalibur cytometer (Becton Dickinson,
San Jose `, CA, USA). Data acquisition (10
4 events for each sample) was performed
using CellQuest software (Becton Dickinson, San Jose, CA, USA). Uninfected cells
and cells treated for 4h with 2mM STP, (Sigma Aldrich, Milano, Italia) were used in
parallel. Cells deemed TUNEL or FITC-annexin V positive were those displaying
ﬂuorescence greater than the ﬂuorescence of non-infected HeLa cells (control).
Atdesiredtimepointofincubationpostinfection(p.i.),theactivitiesofcaspase-3,
-8 and -9 were determined through a luminometric system by using Caspase Glo kit
(Promega). Uninfected cells and cells treated for 4h with 2mM STP or alternatively
for12hwithCHX(10mg/ml)(Sigma-Aldrich)plusTNF-a,(100ng/ml)(R&DSystem,
Minneapolis, MN, USA), were used as controls. Results are reported as fold
induction of relative luciferase units over unstimulated cells. Relative luciferase
activity is calculated as the ratio between the absolute caspase luminescent values
normalized to cell vitality (Cell titer Glo, Promega). Data are expressed as the
mean±S.D. of at least ﬁve experiments performed in triplicate.
siRNA assays. siRNA inhibition of caspase-8, caspase-9 and Gadd45a was
carried out by using HP validated siRNA, all purchased from Qiagen (Milano, Italia):
Hs_CASP8_11_HP validated siRNA (NM_001228), Hs_CASP9_7_HP validated
siRNA (NM_001229) and Hs_ Gadd45a_5_HP validated siRNA (NM_001924),
respectively. Caspase-8 and caspase-9 depletion was veriﬁed by western
blot analysis with puriﬁed mouse anti-human caspase-8 monoclonal antibody
(clone 3-1-9, BD Pharmingen, San Jose ´, CA, USA) and monoclonal anti-human
caspase-9 (clone LAP6, R&D System), respectively. A monoclonal anti-b-tubulin
(clone TUB 2.1, Sigma-Aldrich) antibody was used as a control. Gadd45a depletion
was evaluated through RT-PCR (Supplementary Information Figure S3).
HeLa cells were transfected with 5nM double-stranded siRNA using HiPerfect
transfection reagent (Qiagen) according to the manufacturer’s protocol. For
caspase-8 and caspase-9 at 96h after transfection, cells were infected in order to
evaluate caspase-3 activity, as detailed above. Otherwise, for Gadd45a caspases’
activity and TUNEL analysis were carried out in HeLa cells infected following 48h
from transfection.
Analysis of mitochondrial membrane potential. Evaluation of
mitochondrial membrane potential (DcM) was carried out by ﬂow cytometric
analysisbystaininginfectedanduninfectedHeLacellswithmitochondrion-selective
probe tetramethylrhodamine methyl ester (TMRM), as already reported.
38
Uninfected cells treated for 45min with H2O2 (Sigma-Aldrich) at the concentration
of5mM,werethepositivecontrol.Brieﬂy,infectedcellsweredetachedfromdishes,
washed once in phosphate-buffered saline (PBS) and re-suspended in 50ml
HEPES buffer (10mM HEPES, 135mM NaCl, 5mM CaCl2). Samples were
incubated for 15min at 371C in TMRM (200nM), freshly prepared from stock
solution 10mM in DMSO. Value acquisition was carried out on a FACSCalibur
cytometer, as reported above; analysis was performed with WinMDI software
(WinMDi, Joseph Trotter, The Scripps Institute, Flow Cytometry Core Facility).
Evaluation of apoptotic (caspase-3/TMRM)-infected HeLa cells was carried out by
ﬂow cytometric analysis by double staining infected and uninfected HeLa cells with
TMRM and caspase-3, as above.
Immunoﬂuorescence ofcaspase-8and-9 activities. Caspase-8and
caspase-9 maturation were also evaluated through ﬂuorescence microscopy
stainingby usingCarboxyﬂuoresceinFLICA ApoptosisDetectionkitCaspaseassay
(Immunochemistry Technologies, LLC, Bloomington, MN USA). Staining protocol
was set up according to the manufacturer’s instructions. At speciﬁed time points,
infectedHeLamonolayerswerewashedonceinPBS,ﬁxedfor10minin3,7%para-
formaldheyde solution and incubated for 1h at 371C under 5% CO2 in 1X FLICA
solution, freshlyprepared from stock solution 30X in DMSO.Nuclei were stained for
3min with 2mg/ml 40-6-diamidino-2-phenylindole (DAPI) solution. Uninfected cells
and cells treated for 4h with 2mM STP or alternatively for 12h with CHX plus TNF-
a, as above, were used as controls.
Stained cells were examined using a Leica DMRE microscope and images were
recorded on Leica DC250 camera and processed using Qwin software (Leica
Microsystems, Milano, Italia).
Microarray and real-time PCR. Expression level of pro- and anti-apoptotic
genes in S. ﬂexneri-infected HeLa monolayers was evaluated by using Dual Chip
microarrays Human apoptosis kit (Eppendorf, Milano, Italia) as recommended by
the manufacturer. Uninfected cells or HeLa cells infected at MOI 100 were
processed after 1, 3 and 5h of incubation p.i. and total RNA was extracted by using
RNeasy Plus Mini Kit (Qiagen). Approximately, 5mg of total RNA was used for
biotin-dNTP cDNA synthesis and labeling, by using Superscript II Reverse
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Silverquant Detection Kit (Eppendorf), as recommended by the instructions.
Hybridization protocol and washing steps were performed according to the
manufacturer’s suggestions. Image data acquisition and gene expression proﬁling
analysis were carried out by applying Silverquant analysis software (Eppendorf)
(Supplementary Information Table S1).
Quantitative real-time PCR (qPCR) and western blot analysis were applied to
validate gene expression proﬁling. For qPCR 10ng of cDNA, from both uninfected
and M90T-infected HeLa cells, was used in each reaction. qPCR was carried out
in triplicate by using Power SYBR Green PCR Master Mix (Applied Biosystem,
Monza, Italia), in 30ml reaction volume, by using a 7300 Real-Time PCR System
(Applied Biosystem). The 2
 DDCt method was applied to analyze the relative
changes in expression proﬁling of interest genes, as already reported.
39 Values
were normalized to the internal gapdh gene control. Primers for qPCR were
designed through Primer Express software (Applied Biosystem) and are listed in
Supplementary Information File S1.
Westernblot. Totalcellextractswerepreparedat41Cin135mMNaCl,20mM
Tris-HCl pH 7.5, 1mM CaCl2, 1% Triton X-100 in the presence of phosphatase and
protease inhibitors. Samples were then separated in reducing conditions on SDS-
polyacrylamide gels and transferred onto Hybond-C Extra membranes (Amersham,
Little Chalfont, UK). Primary antibodies were incubated 16h at 41C, and
horseradish peroxidase-conjugated secondary antibodies were added for 1h.
Proteins were visualized by enhanced chemiluminescence (Amersham). The goat
polyclonal anti-actin antibody, the rabbit polyclonal anti-IAP1, anti- IAP2, anti-Bax,
anti-Bad, anti-Gadd45a antibodies were from Santa Cruz Biotechnology (Santa
Cruz, CA, USA); the mouse monoclonal anti-Bcl-2 antibody was from Becton
Dickinson Pharmingen(FranklinLakes,NJ,USA);therabbitmonoclonalanti-Bcl-XL
and the rabbit polyclonal anti-Akt antibodies were from Cell Signaling (Beverly,
MA, USA).
EVOCmodel of infection. All patientsare informed on admissionthat tissue
samples or organs obtained during diagnostic or treatment procedures may be also
used for research purposes, through an appropriate informed consent form
approved by the Ethics Committee of the European Institute of Oncology (IEO).
The assay was performed in accordance to a protocol recently developed by
Ktisilingiri et al. (submitted). Brieﬂy, healthy colonic tissues were obtained from
patientsundergoing surgery for colon cancer. Collected tissue samples,maintained
in Hank’s balanced salt solution, were transported to the laboratory and processed
within the next hours. Mucosa layer, separated from the underlying tissues, was
then divided in pieces of about 1cm
2 and oriented mucosal surface upward on
sterile metal grids. Cylinder was attached to the tissue on the top of the mucosa
layer with the use of surgical glue. Then, the samples were put on to a center-well
tissue culture petri dishes containing 1ml of medium. 100ml of bacterial logarithmic
growth culture (approximately 1 10
8 bacteria) were added inside the cylinder and
the petri dishes were incubated in 95% O2–5% CO2 atmosphere inside an airtight
containerat 371C for 12h. Following incubation,colonic-infectedtissueswere ﬁxed
in 4% paraformaldeyde and processed for histological and IH analyses. As a
routinelyprocedure,EVOCtissuesectionswereﬁrstimmunostainedwithananti-Ki-
67mAb, which is a marker for cell proliferation. Only samples showing a positive
reactionforthepresenceofthis proteinwereprocessedfor furtherhistopathological
and IH studies.
Immunohistological studies. Samples for histological and IH analysis
wereﬁxedin10%bufferedformalinandparafﬁnembedded.Three-micrometer-thick
sections were stained with HE stain for histopathological examination. For IH tests,
sectionsweretreatedaspreviouslyreported.
21 Brieﬂy,to localizeS.ﬂexneriantigen
in infected tissues and to characterize immunohistochemically the apoptosis and
relatedmoleculesinepithelial/inﬂammatorycellpopulationsthefollowingantibodies
were used on serial sections: rabbit polyclonal anti-Shigella ﬂexneri 5a LPS, rabbit
pAb anti-Gadd45a (1:50, Millipore Corporate Headquarters, Billerica, MA, USA),
rabbit pAb anti-cleaved caspase-3 (1:10, anti-active caspase-3 pAb, Promega
Corporation). In particular, expression of cleaved caspase-3 was investigated using
an afﬁnity-puriﬁed rabbit polyclonal antibody directed against a peptide from the
p18 fragment of the cleaved human caspase-3 and evaluated as suggested by
Resendes et al.
40 Antibody-binding was revealed through ABC-peroxydase or ABC
– alkaline phosphatase techniques using 1:200 diluted biotin conjugated goat-anti
rabbit immunoglobulin G (Vector Laboratories, Inc., Burlingame, CA, USA) and a
1:200 diluted biotinylated goat-anti mouse Ig (AO433; DAKO, Glostrup, Denmark),
applied for 45min at room temperature as secondary antibodies. The enzymatic
reaction was developed with 3-1-diaminobenzydine (DAB, with/without nichel)
(Sigma Chemical Co., St. Louis, MO, USA) or VIP (Vector) as substrates. For all
antibodies used, the primary antibody was replaced by PBS as a negative control.
In colonic sections apoptotic index in epithelial and inﬂammatory cells was
highlighted through a TUNEL colorimetric staining (DeadEnd, Promega) according
to the manufacturer’s instructions.
To score the consistence of Gadd45a, caspase-3 and TUNEL-positive cells in
M90T- and BS176-infected and uninfected samples, ﬁve random ﬁelds of the
sample wereexaminedundera dry-X40 objective.Thenumberof epithelial-positive
cells was normalized to the number of epithelial cells per ﬁeld.
Statisticals. Data were presented as mean±S.D., and the numbers of
independent experiments were indicated in each legend of the ﬁgures. Statistical
calculations and tests were performed using the Student’s t-test. A P-value o0.05
was considered statistically signiﬁcant. A P-value o0.001 was considered
extremely signiﬁcant.
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